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Abstract
Of the 300 billion capillaries in the human lung, a small fraction meet normal oxygen requirements at rest,
with the remainder forming a large reserve. The maximum oxygen demands of the acute stress response
require that the reserve capillaries are rapidly recruited. To remain primed for emergencies, the normal
cardiac output must be parceled throughout the capillary bed to maintain low opening pressures. The flow-
distributing system requires complex switching. Because the pulmonary microcirculation contains
contractile machinery, one hypothesis posits an active switching system. The opposing hypothesis is based
on passive switching that requires no regulation. Both hypotheses were tested ex vivo in canine lung lobes.
The lobes were perfused first with autologous blood, and capillary switching patterns were recorded by
videomicroscopy. Next, the vasculature of the lobes was saline flushed, fixed by glutaraldehyde perfusion,
flushed again, and then reperfused with the original, unfixed blood. Flow patterns through the same
capillaries were recorded again. The 16-min-long videos were divided into 4-s increments. Each capillary
segment was recorded as being perfused if at least one red blood cell crossed the entire segment. Otherwise
it was recorded as unperfused. These binary measurements were made manually for each segment during
every 4 s throughout the 16-min recordings of the fresh and fixed capillaries (>60,000 measurements).
Unexpectedly, the switching patterns did not change after fixation. We conclude that the pulmonary
capillaries can remain primed for emergencies without requiring regulation: no detectors, no feedback
loops, and no effectors—a rare system in biology.
NEW & NOTEWORTHY The fluctuating flow patterns of red blood cells within the pulmonary capillary
networks have been assumed to be actively controlled within the pulmonary microcirculation. Here we
show that the capillary flow switching patterns in the same network are the same whether the lungs are
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Animal preparation.
fresh or fixed. This unexpected observation can be successfully explained by a new model of pulmonary
capillary flow based on chaos theory and fractal mathematics.
Keywords: capillaries, chaos theory, fractals, lung, red blood cells
INTRODUCTION
Red blood cells, the transporters of oxygen, pass endlessly through an extensive network of capillaries in
the lung (47, 48). The blood cells often switch between capillary branches as they reach junctions within
the network (17, 43). The perfusion of a single alveolar network can fluctuate from partial recruitment to
no flow and then to full recruitment in a matter of seconds. This causes the flow pattern variations to appear
so complex that the mechanisms of switching and its biological importance have eluded explanation since
first observed more than three centuries ago (12, 19, 45, 47). For practical purposes the chaotic pulmonary
capillary flow patterns have been simplified to a one-capillary, one-alveolus, one-airway model. That
concept is so readily taught that it has become the literal interpretation of the pulmonary gas exchange unit.
The one-capillary model, however, has no reserve capillaries to recruit, which makes it impossible to meet
the increased demand for oxygen during fight or flight. To remain constantly at the ready, all reserve
capillaries must have a low opening pressure that will immediately permit the passage of red blood cells.
Because the pulmonary microcirculation contains the machinery for contraction (15), it is plausible that the
highly complex switching system is an active one. The opposing hypothesis is that the switching operates
successfully without requiring any form of regulation. This study aims at testing the active versus passive
switching hypotheses.
METHODS
The Animal Care Committee at Indiana University School of Medicine approved
these animal studies. All animals were handled according to guidelines established by the National
Institutes of Health and Institute of Laboratory Animal Resources. The protocols were based on techniques
previously developed in our laboratory (3, 4, 6, 36, 37, 38, 39, 40, 41, 42, 43) and extended by others who
studied the pulmonary microcirculation in vivo (2, 5, 20, 21, 22, 29, 30, 33, 34).
Purpose-bred healthy adult male dogs (18–27 kg, n = 5) were deeply anesthetized with pentobarbital
sodium (30–40 mg/kg iv), intubated, and mechanically ventilated (Harvard 607D animal ventilator;
Harvard Apparatus, Holliston, MA). After intravenous heparinization (1,000 U/kg), the animals were
rapidly exsanguinated via the left common carotid artery, and the blood was stored. Following a left
thoracotomy in the fifth intercostal space, with the lungs inflated to a constant pressure of 5 mmHg, the left
upper lobe was excised to provide access to the left lower lobe. The left lower lobe pulmonary artery was
cannulated with a 6-mm-inner diameter Teflon cannula (Chemours, Wilmington, DE), and the left lower
lobe bronchus was cannulated to maintain inflation. The lobe was excised along with a cuff of the left
atrium and placed on a microscope stand. The left atrial cuff was secured around another Teflon cannula (9-
mm inner diameter). The lobe was perfused with the heparinized autologous whole blood (hematocrit,
32–43%). The time interval from thoracotomy to reperfusion was <30 min. Care was taken to exclude all
air bubbles from the circuit before perfusion was initiated. Blood was pumped by a Masterflex 7522-10
pump drive 7-24-20 pump head (Cole-Parmer, Vernon Hills, IL) that was controlled by a feedback system
that kept flow constant (<1% variation). After leaving the pump, the blood flowed through a windkessel to
dampen high-frequency oscillations from the pump as well as to trap bubbles, then through a filter (model
4C7700, 20-μm pore size; Baxter Fenwal, Deerfield, IL) to remove microaggregates, and finally through a
heat exchanger (model HE-30; Baxter Bentley, Deerfield, IL) to warm the blood to 38°C before entering
the lobe (Fig. 1). Venous blood drained passively from the lobe into a reservoir. The lobe was ventilated
(model 607D; Harvard Apparatus) with 6% CO -17% O -77% N  at a tidal volume of 100 ml, 22 2 2
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Data acquisition.
Experimental design.
breaths/min, with an inspiratory time <1 s.
Blood gases were sampled from the pulmonary venous catheter and measured with a blood analysis system
(Diametrics IRMA SL series; Diametrics, Roseville, MN). The blood gas tensions were kept in the normal
range for arterial blood by periodically adding sodium bicarbonate (1 meq/ml) to the venous reservoir to
neutralize metabolic acid produced by the lung tissue. End-expiratory pressure was set at 5 mmHg by a
water column on the expiratory outlet of the ventilator. Pulmonary arterial and venous pressures and airway
pressures were monitored with pressure transducers (Statham P23 XL; Gould Electronics, Bilthoven, The
Netherlands) that were zeroed at the site at which microcirculatory observations were to be made. These
pressures were monitored continuously by use of a personal computer and monitoring software. Pulmonary
venous pressure was set at ~1 mmHg by adjusting the height of the reservoir. Pump flow rate was set at
~300 ml/min, which resulted in a pulmonary arterial pressure of 10–15 mmHg. These zone 2 settings
perfused approximately half of the capillaries thereby providing an opportunity to study blood flow
switching among capillary segments.
The lobe was suspended by two small spring-backed paper clips attached to opposite edges of the lobe. The
lobe was raised until the uppermost pleural surface (in this case the diaphragmatic surface) came into
contact with a transparent window (Fig. 1). Suspending the lobe against the window in this manner
prevented compression of the subpleural alveoli by the window and allowed free downward expansion of
the lobe during ventilation. The remainder of the lobar surface was covered with a plastic sheet to prevent
drying and to slow transpleural diffusion of gases. A 1.3-cm  area on the surface of the lobe was observed
through the window, which was surrounded by a vacuum ring to arrest all lateral tissue movement (35, 37).
This arrangement permitted the same alveolar capillary network to be recorded throughout the study.
The capillary circulation in a single subpleural alveolar wall under the window was
illuminated by a 200-W mercury arc lamp, heavily filtered to prevent tissue damage with a combination of
dichroic infrared reflecting filters, broad band-pass ultraviolet absorbing filters, and a narrow band-pass
interference filter to illuminate the field using the mercury green line (546 nm). That light is partially
absorbed by hemoglobin, thereby increasing the contrast between the red blood cells and the surrounding
tissue (35, 36, 37, 40). Video recordings of the capillary flow patterns within a single subpleural wall were
made with a video recorder (SVO-5800 SVHS; Sony, Tokyo, Japan) and an intensified charge-coupled
device (CCD camera, model 5500; CohuHD, San Diego, CA) attached to a surface-illuminating
microscope (×11 objective, Leitz Ultropak; Leitz, Wetzlar, Germany). The magnification on the microscope
screen was ×560. Because the lung was held in exactly the same place throughout the experiment, the same
capillary network was always video recorded. The alveolus was selected so that it lay between a single
arteriole and a single venule, which served as the only input and single output for the capillary network.
Every capillary segment in the alveolar wall was identified by briefly raising capillary pressure to 30
mmHg, 5 times the normal pressure, and video was recorded. This pressure exceeded the opening pressure
of all of the segments. During recording of this state of total capillary recruitment, every segment was
traced and numbered onto a sheet of clear acetate placed over the video monitor (Fig. 2).
These experiments were designed to test two hypotheses. First, to test the active
hypothesis, in which capillary switching is caused by active processes, fresh autologous, heparinized blood
was pumped through the lung lobe when fresh, and a video recording was made of capillary flow. Second,
testing of the passive hypothesis required blocking all known and unknown mechanisms that could
biologically alter capillary diameters. The only feasible test was to render all pulmonary vessels inert by
glutaraldehyde fixation and then record the capillary flow patterns in the same network.
The experimental design consisted of sequentially perfusing the lobe with fluids contained in one of three
reservoirs (Fig. 3) and following a protocol consisting of six steps. 1) Autologous, heparinized whole blood
was perfused through the fresh lobe. Capillary flow patterns were video recorded for 16 min. 2) Perfusion
2
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Data analysis.
was changed to saline (Dulbecco’s phosphate-buffered saline) to flush the lobe free of blood. The blood
was stored for later use. (In some cases, there was a time delay of up to an hour between steps 2 and 3;
these delays acted as time controls and showed no change in the capillary flow in either the flow level or
patterns.) 3) Perfusion was changed to 1% buffered glutaraldehyde for 20 min to fix the lung. 4) Perfusion
with fresh saline was resumed for another 20 min to thoroughly flush the fixative from the lung to avoid
fixation of the red blood cells. 5) Perfusion was changed to the original autologous unfixed blood with the
same hematocrit. The same capillary network flow patterns were video recorded for 16 min. 6) Tissue was
taken directly from the site of observation and studied by electron microscopy to determination the state of
fixation.
Measuring switching rate required recording whether red blood cells switched directions as
they exited each segment. That measurement required determining the transit time of red blood cells
through a single capillary segment. If the estimate was too short, then there would not be sufficient time for
a red blood cell to complete its transit and switch or not switch; if too long, many switches would not be
counted. On the basis of the pump rate and microhematocrit in the present study, experienced investigators
were eventually able to agree that a 4-s observation interval provided an acceptable estimate of switching
rate. The video recordings were replayed until each segment in the recording was observed during all
consecutive 4-s periods (0–4 s, 4–8 s, 8–12 s, ...). The computer had a 4-s timer that prompted the observer
to record whether the segment was not perfused (score, 0) or perfused (score, 1).
To test the active versus passive hypotheses, the following comparisons were made on the basis of pilot
data showing that red blood cells flowed through all fresh and fixed pulmonary capillaries. The first
comparison was to measure the total number of switches for each condition, to determine whether the
switching rates were different. In the second comparison, the total numbers of perfused segments were
tabulated to determine whether the gas exchange surface areas were different. These analyses provided
numerical comparisons between the conditions.
The third test provided an analysis of the switching patterns over the entire 16-min recording to compare
self-similarity. The flow patterns in the 16-min video recordings produced data streams of sufficient length
to permit pattern analysis by computing the fractal dimensions for the fresh and the fixed lungs. The fractal
dimensions were measured in the following way (10, 11, 43). The relative dispersion (standard deviation
divided by the arithmetic mean) of the number of perfused segments was repeated for progressively longer
frames by combining multiples of the 4-s periods using all integer multiples that when divided into 240,
produced a whole number (i.e., 2, 3, 4, ..., 80, 120). At each step, the relative dispersions were plotted
against the length of the time frames. The slope of the relationship was determined using a weighted least
squares fit (KaleidaGraph; Synergy Software, Reading, PA). When plotted on a log-log scale, the fractal
dimension was computed as D  = 1 − slope. This analysis provided pattern comparisons between fresh and
fixed conditions.
To test for the stability of the preparation, we used paired, two-tailed t-tests to compare blood gas and
pressure measurements that were made at the beginning of the study with those made at the end of the
study. Pressure measurements were made every 5 min. Changes over time were analyzed with a two-way
analysis of variance. Statistical significance was defined by P ≤ 0.05. Tissue samples were removed and
stored for transmission electron microscopy.
RESULTS
Tracking of capillary switching patterns was feasible because our 16-min-long recording period provided
enough time for every segment to receive red blood cell flow. A total of 240 observations were made for
each segment (16 min × 60 s ÷ 4 s = 240 observations). Recordings during the fresh (active) state produced
~27,000 observations (the total number of all observed segments × 5 animals × 240 intervals). Recordings
t
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during the fixed (passive) state permitted an analysis of the same microscopic field in all 5 animals and
produced ~32,000 observations (~27,000 + ~32,000 ≈ 60,000 total measurements). The higher number
during the fixed state was caused by the pump not always being set to produce the same level of capillary
perfusion in every animal; nevertheless, the difference of 18% did not have an effect on the comparisons of
switching analysis.
During the 16-min recording, red blood cell flow within the capillary networks constantly varied. Rapid
switching between segments produced complex flow patterns whether the tissue was fresh (Fig. 4, left) or
fixed (Fig. 4, right). Each data point represents the total number of perfused segments during each 4-s
interval.
Here we show that flow patterns continued unabated following fixation by comparing the perfusion
patterns in three ways. First, the total number of perfused segments in the fresh versus fixed states was not
statistically different. Second, the total number of switches between perfused segments in the fresh versus
fixed states was not statistically different. Third, this test provided an analysis of temporal switching
patterns. The patterns had fractal dimensions of 1.09 (fresh) and 1.11 (fixed). Because both fractal
dimensions were close to 1.0 (perfect self-similarity), both fresh and fixed lungs were following similar
repeating patterns and were not statistically different (2-tailed t-test, Table 1).
To test whether the preparations were adequately fixed, we used pharmacological challenges with potent
vasoconstrictors (100 mM boluses each of KCl and CaCl ) injected into the pulmonary artery following
fixation. Both failed to elicit a pressure rise. Transmission electron micrographs of tissue samples from the
observed fields provided evidence of adequate fixation as shown by the following criteria: normal cell
shapes and sizes, intact organelles, uniform membrane structures, no blebbing of cellular membranes, no
tissue separation from basement membranes, no large vacuoles in the endothelial cytoplasm, and (Fig. 5,
inset) intact double membranes of the mitochondria and the well-defined cristae (Fig. 5). In sum, these
independent techniques support the conclusion that fixation was complete and thereby blocked active
alterations in capillary cell size and shape.
DISCUSSION
These experiments were designed to determine whether red blood cell switching between pulmonary
capillaries is an active or a passive process. These data support the hypothesis that capillary switching
patterns can be explained by a passive system, because flow switching continued unchanged after lung
fixation. The number of perfused segments, the total number of switches, and the fractal dimensions were
not different before and after fixation, evidence that fresh and fixed lungs had similar, repeating patterns.
Several issues need to be considered in interpreting these data. A critical issue is to determine whether the
protocol altered the preparation. This issue was tested in the following ways. Perivascular cuffing and
alveolar flooding were absent throughout the videotaped periods, evidence that microvascular membranes
were intact. Lobar blood flows, venous and arterial pressures, and arterial blood gases (beginning vs. end)
were not statistically different and were in the normal physiological range, showing that the preparation
was stable (Table 2). The fixed lobe unexpectedly exchanged gases as well after fixation as it did when it
was fresh.
After fixation, we used vasoconstrictor challenges injected into the main pulmonary artery (100 mM
boluses each of KCl and CaCl ) to determine whether the pulmonary vessels were capable of constricting.
There were no pressure changes following the injections. Transmission electron microscopy samples were
taken from the regions of the lobes that had been observed. All were well fixed (Fig. 5). The stored red
blood cells during reperfusion remained fresh throughout the experiments, because they were flexible, did
not occlude the capillaries, and did not cause a rise in pulmonary arterial pressure. These data support the
2
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conclusion that the lobe was well fixed and incapable of vasomotion and that the red blood cells remained
fresh and flexible.
To investigate the unexpected result that fixed rigid capillaries could produce the same kind of switching
patterns as fresh capillaries, we modeled passive switching using simple elements. First, consider a
theoretical, frictionless metal ball rolling down an inclined plane until it collides with a metal post (as in the
pachinko game). Using the identical release point, the same ball always bounces off the post in the same
way. Following that collision, the ball then rolls through a maze of posts, bouncing off of post after post
until it rolls out of the maze. During repeated trials with the same entry point, the ball will always follow
the same path through the maze and exit at the same point. This model is a deterministic system that has a
predictable outcome regardless of the number of trials.
In the next experiment, the release point is altered randomly between trials but is constrained so that the
ball always strikes the first post. After each release, the ball will strike the first post randomly and therefore
will bounce in a random direction compared with previous trials. As the ball rolls through the maze, the
collisions with each new post become increasingly altered from previous trials. The multiplier effect of the
increasing numbers of collisions will cause the ball to switch through different pathways anywhere in the
maze. During repeated trials, the route of the ball becomes virtually impossible to predict because of the
unfathomable number of variables and is classified as a nondeterministic system that has unpredictable
outcomes. This model, being highly sensitive to initial conditions, fits the chaos theory of chaotic, complex
systems (8, 25, 26, 27, 44).
In a more realistic physiological model, consider that a thin flexible disk (a red blood cell) is substituted for
the rigid ball. The inclined plane is replaced by a network of hollow capillary tubes. The red blood cell is
propelled by the heart. The posts are replaced by the apexes of capillary junctions. As the red blood cell
enters the capillary maze, ahead lies a network of >100 tubes (7, 31, 34, 46, 47) with differing diameters,
branching angles, and opening pressures. As the red blood cell moves through the capillary network, the
collisions at each branch point can be altered by the roll, pitch, and yaw of the disk-shaped cell, as well as
by its impact point. Any of these random flow factors affecting the angles of incidence can lead to a switch.
There are additional variables that increase the probability of switching. As red blood cells flow through
the capillary network, they frequently form trains of cells of varying lengths that are followed by gaps filled
with plasma. The lead cell in a train that is trailing a plasma gap is not influenced by the closely spaced
cells in the train ahead. That permits the following train to switch directions anywhere in the network
depending on the characteristics of a particular lead cell-junction collision (4; Fig. 6). As these direction
changes occur and the driving pressure within segments alters, multiple fluidic switching systems can
become engaged that cause continuously altering switching patterns (1).
Another confounding variable is that the red blood cells enter the network not from a single point as in the
ball-and-inclined plane models, but from numerous locations along the feeding arteriole, which acts as a
manifold (32). Multiple entry points can readily scramble established flow patterns. White blood cells,
which are less deformable than red blood cells, can temporarily plug a segment and force a switch (16, 23,
25). The relatively small number of circulating white blood cells, however, and the large number of
capillary segments, make this kind of switching-by-plugging a relatively minor factor (14, 18). With each
new variable, the probability of switching increases to the point where it is virtually impossible that blood
cells could avoid switching (Fig. 7), even in a passive network that travels across several alveolar walls
before finally draining into a venule (31, 47).
These stochastic flow patterns (sequences of random variables) will occur endlessly as red blood cells flow
across capillary networks. The networks have finite albeit statistical boundaries because red blood cells
become less and less likely to stray far from their arteriolar starting point and, in an absurd example,
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reverse direction and swim upstream to a distant part of the lobe fed by a different arteriole. These
statistical boundaries will lead to the emergence of repeating flow patterns. In this study, the average fractal
dimension of 1.1 in either case provides strong evidence for self-similar patterns. The video recordings of
individually numbered segments showed that every segment received flow multiple times during the 16-
min-long measurement under these zone 2 conditions (pulmonary arterial pressure > alveolar pressure >
pulmonary venous pressure). The result is that the underlying patterns are self-similar and fall into the
particularly interesting class of patterns that are fractal in nature (25, 26, 27, 28). The perfusion patterns
result in more unexpected results when comparing perfusion patterns of adjoining alveolar walls, each of
which has its own fractal dimension (43).
These repeating switching patterns can be explained as a consequence of the physics of an emergent system
of particulate fluid flowing in a complex, passive network. With physics determining the outcome, there
might be no biologic advantage; it would simply be a result of the innate, natural outcome of an emergent
process (9). To explore whether these perfusion patterns can lead to complete perfusion of a capillary bed,
we developed computer simulations of flow through networks modeled after pulmonary capillary geometry
(13). The flow choices at every junction in the program were random as long as they did not flow
backward. These simulations produced wide distributions, but in all models, every segment was perfused.
On the basis of these observations, we hypothesized that rapidly repeating fractal flow patterns will
maintain opening pressures so low that they approach zero in all capillaries, the result of the constantly
repeating perfusions. We have tested this low-opening pressure hypothesis by suddenly doubling flow to
the lobe (17). In those preparations, the lobe was perfused the same system as shown in Fig. 1, with the
addition of a second parallel pump. In the control, the lobe was perfused by one pump. Turning on the
second pump caused a sudden increase of flow. The majority of these peripheral capillaries were recruited
in under 1 s, and all capillaries were perfused in <4 s (Fig. 8). We think that this experiment demonstrates
that the massive reserve of capillaries is constantly at the ready for immediate recruitment. The rapid
recruitment response in these controlled experimental conditions does not mimic exercise. Heavy work
elicits many responses throughout the body, which would have confounded the simple question that we
were asking. Nevertheless, the rapid recruitment response is certain to be part of the acute stress response.
Here we have shown that switching of pulmonary capillary blood flow patterns is unchanged following
fixation of the lung. This demonstrates that flow switching patterns can be explained entirely by passive
processes, a surprising finding that ran contrary to our initial predictions. The switching can be explained as
the result of stochastic processes, yet offers the important physiologic advantage of maintaining all
capillaries continuously ready for emergency recruitment. We posit that such a system can operate without
a feedback loop and provides a new model of pulmonary capillary blood flow. The many redundant,
autonomous, and independent passive components result in a switching system of simple and robust design
that can function reliably for prolonged periods requiring no regulation—an elegant engineering system in
biology.
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Fig. 1.
Perfusion system used in the present study. By controlling pulmonary arterial, venous, and end-expiratory pressures, the
subpleural capillary perfusion patterns were observed under zone 2 conditions, which perfused approximately half of the
capillaries. This arrangement provided an opportunity to study blood flow switching between capillary branches. CCD,
charge-coupled device; P , alveolar pressure; P , pulmonary arterial pressure; P , pulmonary venous pressure. [From
Jaryszak et al. (17).]
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Fig. 2.
A typical subpleural alveolar capillary network from this study. These capillaries accurately reflect the perfusion
characteristics of interior capillaries (27). Numbers represent capillary segments 1–20.
A perpetual switching system in pulmonary capillaries https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6397411/?report=printable
13 of 21 4/9/2020, 7:39 AM
Fig. 3.
Simplified schema of perfusion system. The pump was switched between three reservoirs for perfusion with fluids in the
following order: 1) fresh heparinized autologous blood, 2) buffered saline to wash out the blood, 3) glutaraldehyde fixative
solution to fix the lobe, 4) saline to flush the fixative, and 5) fresh heparinized autologous blood reperfusion. Video
microscopy recordings (duration, 16 min) were made of the pulmonary capillaries each time they were perfused by blood
before and after fixation.
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Fig. 4.
Open in a separate window
Relation between total number of capillary segments perfused during each 4-s period vs. time. Duration of each recording,
16 min (960 s). Each row shows data from 1 alveolus in each of the 5 dogs. Each data point equals the total number of
perfused segments during each 4-s interval. Left: data from networks in fresh alveolar walls. Right: same alveolar networks
after fixation.
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Table 1.
Switching of pulmonary capillary flow in the fresh and fixed lung
State of Left Lower Lobe
Fresh Fixed P
No. of perfused segments 22 ± 6 27 ± 8 NS
No. of switches 935 ± 140 1,250 ± 282 NS
Fractal dimension 1.09 ± 0.06 1.11 ± 0.06 NS
Values are means ± SE; n = 5 specimens. NS, not significant (P > 0.05).
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Fig. 5.
Electron micrograph of pulmonary lobe tissue directly at the site of observation. Complete fixation is confirmed by intact
organelles, uniform membrane structure, absence of tissue separation from basement membrane, intact double membranes
of mitochondria (inset), and well-defined mitochondrial cristae (inset). An occasional red blood cell observed in the
specimens was further evidence of fixation.
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Table 2.
Physiological variables at the beginning and end of the study
Variable Before After P
, Torr 118 ± 7 115 ± 6 NS
, Torr 36 ± 2 36 ± 2 NS
pH 7.37 ± 0.01 7.38 ± 0.01 NS
Values are means ± SE; n = 5 specimens. NS, not significant (P > 0.05); , arterial partial pressure of carbon
dioxide; , arterial partial pressure of oxygen; pH , arterial pH.
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Fig. 6.
Red blood cell flow through alveolar capillaries. Yellow indicates a switching of flow to a different capillary branch. See
Supplemental Video S1 available online at https://zenodo.org/record/2255411/files
/RBC_Capillary_Switching_Animation.mp4, doi:10.5281/zenodo.2255411.
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Fig. 7.
Alveolus with red blood cells flowing through the capillaries from top to bottom (see Supplemental Video S2 available
online at https://zenodo.org/record/2255411/files/RBC_Switching_in_Fresh_vs_Fixed_Tissue.mp4,
doi:10.5281/zenodo.2255411). Green signals (dots) are visible (on) when red blood cells flow past the signals and show
switching of red blood cell flow between alveolar capillary segments. The alveolus shows similar switching patterns
before and after fixation. However, before fixation (left) and after fixation (right), capillary flow switching is unabated.
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Fig. 8.
Alveolus with red blood cells flowing through the capillaries (see Supplemental Video S3 available online at
https://zenodo.org/record/2255411/files/Rapid_Capillary_Recruitment.mp4, doi:10.5281/zenodo.2255411). Green signals
(dots) show capillary pathways. When flow is increased by adding a second parallel pump, blood flow is increased, and all
capillaries are recruited immediately. [Modified from Jaryszak et al. (17).]
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